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Two results from the PIENU Experiment are presented reporting a
test of lepton universality in pion decay and improved limits on heavy
neutrinos coupling to positrons. The status of the full analysis for the
pi+ → e+ν branching ratio measurement is summarized.
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1 Introduction
The PIENU experiment employs stopped pions to make a precise measurement of
the branching ratio for the rare decay pi+ → e+ν. Recently published results based
on a subset of the data gave new limits on the hypothesis of lepton universality [1].
The experiment is also sensitive to the presence of admixtures of massive neutrinos
νH emitted in the decay pi
+ → e+νH for 60 < MνH < 135 MeV/c
2 and has set
improved limits on the coupling of a νH to the positron (|Uei|
2) [2]. The status of the
full analysis for the branching-ratio measurement is also discussed.
2 Experiment
The PIENU experiment at TRIUMF used a 75 MeV/c pion beam operating with an
intensity of 60 kHz and containing 14% muons and 1% positrons. The detector [3]
is shown in Fig. 1. Incident pions passed through two wire chambers (WC1/2), two
scintillators (B1 and B2), and two silicon strip detectors (S1 and S2) before stopping
in an active target (B3). The trigger required detection of an incident pion and an
outgoing positron detected by scintillators T1 and T2. Positrons came directly from
pi+ → e+ν decay or from the dominant pion decay mode pi+ → µ+ν followed by
µ+ → e+νν, which is referred to here as pi+ → µ+ → e+. (The muons were confined
to the target where they also decayed.)
The direction of positrons from pi+ → e+ν decay and from the pi+ → µ+ →
e+ chain was measured by S3 and WC3, and positron energies were measured in a
calorimeter (NaI(Tl) plus CsI), which had 2.2% FWHM energy resolution at 70 MeV.
The detector was located in an enclosure used for temperature stabilization. Data
taking started in 2009 and was completed in 2012.
3 Heavy Neutrino Search
Many extensions of the Standard Model include additional massive neutrinos. The
νMSM includes three sterile neutrinos, two of which may have masses in the range
probed by meson decays [4]. Other models (such as dark matter or thermalization)
also have neutrino masses in the MeV/c2 range [5].
The PIENU technique to search for evidence of a heavy neutrino is illustrated in
Fig. 2. The usual pi+ → e+ν decay yields a monoenergetic positron with an energy
of 69.8 MeV, while the analagous decay into a heavy neutrino yields a positron with
reduced energy. For example, the positron has an energy of approximately 40 MeV
if MνH = 90 MeV/c
2. In the region of positron energies below 50 MeV, the observed
spectrum of positrons including detector response is dominated by positrons from the
decay chain pi+ → µ+ → e+, which complicates the search.
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Figure 1: Schematic of the PIENU detector.
To improve the sensitivity for finding a monoenergetic positron under the back-
ground, several cuts are applied to suppress the background. As shown in Fig. 3,
these cuts involve timing, target energy, and Z vertex (decay vertex position along
the beam direction obtained from pion and positron tracks) measurements. The re-
sulting spectrum is shown in the left panel of Fig. 4 as the black histogram. This
suppressed spectrum is fit with known shapes to describe its components. These are
also shown in Fig. 4 and include the extrapolated tail of the pi+ → e+ν peak, the
pi+ → µ+ → e+ shape taken from late decays, and the muon decay-in-flight shape
from Monte Carlo (MC) simulations. The insert shows the residuals of the fit, and
an example of a heavy neutrino shape at 40 MeV for |Uei|
2 = 10−8.
The results for the upper limits as a function of heavy neutrino mass are shown in
the right panel of Fig. 4 from [2]. These results represent up to an order of magnitude
improvement over previous limits [6].
4 pi+ → e+ν Branching Ratio
The theoretical prediction for the pi+ → e+ν branching ratio, assuming lepton uni-
versality and including radiative and structure corrections [7], is
Rthe/µ =
Γpi→eνe
Γpi→µνµ
= 1.2352(2)× 10−4. (1)
To compare with this prediction, and to test lepton universality or other deviations
from the Standard Model, the observed energy spectrum of positrons (see Fig. 2) was
divided into low- and high-energy portions with a cut at 52 MeV. The time spectrum
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Figure 2: Energy spectrum of positrons in the PIENU detector. The vertical black
lines correspond to monoenergetic positrons from pion decay (solid for the usual decay
with massless neutrinos and dashed for a heavy neutrino mass of 90 MeV/c2). The
red histogram, from a Monte Carlo simulation, illustrates the effect of the detector
response on pi+ → e+ν decay positrons. The blue histogram shows what is actually
observed in the time window of 520 ns following the decay, with the dominant feature
coming from the pi → µ→ e decay chain.
of events thus separated is shown in Fig. 5. These spectra are simultaneously fitted
to known component shapes to extract the branching ratio.
The fit yielded the raw branching ratio. Some corrections must be included. The
dominant correction was for the events from pi+ → e+ν decay with energies below
the cut value. This low-energy tail was evaluated from special data taken with a
monoenergetic positron beam. The result for the branching ratio, based on 12% of
the data, is presented in Table 1.
The ratio between the experimental and theoretical branching ratios provides a
test of lepton universality:
ge
gµ
=
√√√√R
exp
e/µ
Rthe/µ
= 0.9996± 0.0012, (2)
where ge and gµ are possibly distinct weak interaction coupling factors for e and µ.
This result, together with similar tests of lepton universality, is shown in Fig. 6.
These tests are complementary to tests with τ decay and with heavy quarks, where
the ensemble of B decay results suggest possible violations of lepton universality [8].
The analysis of the full dataset for PIENU is in the final stages. The dataset
processed is about 8 times larger than for the 2015 result with about 107 pi+ →
e+ν events. The value of the branching ratio will remain blinded until all cuts and
systematic uncertainties have been finalized. The expected statistical uncertainty will
be close to the design value of 0.1% for the branching ratio. It is dependent on the
choice of cut for the solid angle, which will be an acceptance of about 20%, chosen to
minimize the total uncertainty.
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Figure 3: pi+ → µ+ → e+ suppression cuts include time (left), pion energy (middle),
and Z vertex (right). The pion energy (Es) is the sum measured in B1, B2, S1, S2,
and B3. The Z vertex histograms are for events with positron energy Ee+ > 52 MeV
and Ee+ < 52 MeV (shaded histogram). The cuts applied are indicated by the red
vertical dashed lines.
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Values Uncertainties
Stat Syst
RRawe/µ (10
−4) 1.1972 0.0022 0.0005
pi,µ lifetimes 0.0001
Other parameters 0.0003
Excluded components 0.0005
Corrections
Acceptance 0.9991 0.0003
Low-energy tail 1.0316 0.0012
Other 1.0004 0.0008
R
Exp
e/µ (10
−4) 1.2344 0.0023 0.0019
Table 1: The table includes the raw branching ratio with its statistical and systematic
uncertainties, the multiplicative corrections with their errors, and the result after
applying corrections.
Figure 6: Tests of lepton universality.
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